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response reduction of tall buildings under wind loads (Aly, et al. 2008b; Aly 2009; Li, et al. 2009; Mohtat, et al. 2010; Park, et al. 2009; Homma, et al. 2009 ). The aim of this study is to present practical procedure for the response prediction and reduction in a very slender high-rise building under multidirectional wind loads. The procedure is schematically presented in Fig. 1 . Wind loads were obtained from an HFPI experiment conducted in a wind tunnel. The tower responses in the two lateral directions combined with the torsional responses (effect of higher modes on the responses is studied) are evaluated. Two important voids associated with procedures to aid in the design are considered: the first is on the distributions of the wind loads; the second is on the effects of the higher modes. Consideration of these two problems needs wind tunnel pressure measurements on the surface of the building and FEM. The building is modeled using the finite element techniques and a 3D lumped mass model. The uncontrolled responses obtained using the two techniques of modeling are compared. Active control of the structure using LQR and fuzzy logic controllers under wind that is attacking from different directions is proposed. In this study, the lateral responses of the building in the two directions are controlled at the same time, while the effects of the uncontrolled torsional responses of the structure are simultaneously considered. 
3D modeling of tall buildings
A 48-strory steel tower proposed in Aly, et al. (2008b) is used in this research. The FEM of the tower, along with the coordinate system, is shown in Fig. 2 . The full-scale building has a height of about 209 m and a rectangular cross section of B/D ≈ 3 (B: chord length, D: thickness). The aspect ratio in the y-direction is about 11, which makes it very sensitive to strong winds. Modal parameters of the FEM for the first six modes are given in Table 1 . 
Equations of motion in modal form
Equations of motion governing the behavior of the structure under wind loads are
where X = [x y] T is a 2n×1 vector and n is the number of nodes while x and y are vectors of nodal displacements in x and y directions respectively. F(t) = [F x (t) F y (t)] T , in which F x (t) and F y (t) are n×1 vectors of external forces acting in x and y directions respectively. Using the first N modes obtained by FEM with the next transformation
where Ф is 2n×N matrix of eigenvectors and Q is N×1 vector of generalized displacements, i.e. 
Substituting by Eq. (2) into Eq.
(1) and premultiplying by Ф T , one obtains () .
By assuming the damping matrix, C, to be proportional damping, Eq. (4) results into six uncoupled equations 11 1  11 1  11 1  1  ,  1  ,  1  11   22 2  22 2  22 2  2  ,  2  ,  2  11 ,, 11 
where m ii , c ii , k ii, and GF i are generalized mass, generalized damping, generalized stiffness, and generalized force of the i th mode respectively. Using the measurements obtained by the pressure transducers, pressure coefficients (matrix C p ) are evaluated at each tap location as a function of time. These values are used with the full-scale model (prototype) to give the pressure distribution on the surface. The pressure values on the surface of the prototype can be calculated as 
This means that once the time history of the pressures on the outer surfaces is calculated, the external forces acting on the nodes of the surface can be computed. The excitation forces acting on the internal nodes are of course equal to zero. The q i (t) are then solved from each of Eq. (5). SIMULINK is used for the numerical solution of these equations (MATLAB 2008).
3D lumped mass model
For control purposes, a 3D lumped mass model is derived from the original FEM. In this model, the total mass of the building was assumed to be lumped at the positions of the floors, and it was assumed for the floors to perform a general 3D movement (each floor has two translations in the x and y directions in addition to the torsional rotation). The building alone (without the control devices) is modeled dynamically using a total of 144 degree-offreedom. In general, the equations of motion for an n-story building moving in both the two transverse directions and in torsion are written as 
where
in which I i is the moment of inertia of the i th floor, K x , K y and K θ are the stiffness matrices in the transverse directions (x and y) and the torsional direction, respectively. The stiffness matrix of the spatial model (3D lumped mass model) is obtained by assuming the stiffness between floors as a combination of cantilever and shear rigidities. MATLAB codes (MATLAB 2008; Attaway 2009 ) were written and used to derive the best stiffness matrix that gives the closest mode shapes to those of the FEM and the same first six natural frequencies. In Eq. (8), the disturbance F = [F x F y T] T is a vector of excitation in which F x and F y are two vectors of the horizontal loads acting in the x and y directions respectively, and T is a vector of the external torsional wind loads. Also, f is the vector of control forces, where its coefficient matrix Λ is the matrix determined by the location of control devices.
Wind loading vectors (F x , F y , and T) lumped at the position of floors are obtained from wind tunnel pressure tests conducted at the wind tunnel of Politecnico di Milano (Diana et al., 1998 ) on a scaled 1:100 rigid model of the tower ( Fig. 3 and Fig. 4) . Such large-scale allows for the advantage of testing the model at high Reynolds number with minimum blockage due to the huge dimensions of the test section. Pressure taps were distributed on the outer surface of the test model. To allow for sufficient pressure measurements (see Simiu, et al. 2008) , 400 taps were mapped on the outer surface of the model. Pressure taps were distributed to cover the entire outer surface with more intense at the upper part of the test model [see Fig. 5 (a)]. Pressure data were integrated on the outer surface of the building [see Fig. 5(b) ] to obtain the corresponding time history of the two directional wind loads at each floor in addition to torsion. For the estimation of the wind loads at each floor, the tributary area for each floor was gridded into smaller areas and the time history of the wind loads at each area was found by using the Cp records of the closest pressure tap (see Fig. 6 ). Codes were written in MATLAB to estimate the time histories of the wind forces acting at the center of each smaller area. After that, the floor forces in the two directions were obtained from the summation of the forces in each lateral direction. The torsion at each floor was the resultant of the summation of the force moments about the floor center. The surrounding buildings within a radius of 500 m from the centre of the tower were also scaled 1:100 to be presented on the turning test table according to the type of the test configuration used. The wind profile represents a typical urban terrain as shown in Fig. 3 (Zasso, et al. 2005) . The reference mean wind speed (U ref ) was measured at a height of 1 m. Prototype reference mean wind speed is assumed to be 30 m/s. The target for the wind profiles is the Eurocode 1 (2004). The turbulence intensities in the longitudinal, lateral, and vertical directions are referred to by I u , I v , and I w respectively. Two different test configurations with the same wind profile are considered (see Fig. 4 ). In the first configuration, the building is subjected to the wind load without the existence of other tall buildings, and is referred to as Config. # 1. In the second configuration, the rigid model of the building was tested with the existence of all the surrounding buildings. This configuration is referred to as Config. # 2. Further details about the wind tunnel experiment are given in Aly (2009) . Due to the fact that the building's mass is symmetrical, and the study is based on the assumption that the structure is responding in the linear region, lateral and torsional behavior of the building may be studied alone, then the response time histories may be combined simultaneously. In this study, the plane motion of the structure in the xdirection is controlled using both the TMDs and ATMDs. However, due to the fact that the controlling the response in the x-direction will not affect the response of the building in the y-direction, another TMD and ATMD are designed to control the lateral in-plane response in the y-direction. Following that, the uncontrolled torsional response is added simultaneously to the two lateral responses to give the overall response in the two lateral directions. The state reduction approach derived by Davison (1966) and summarized later in Wu et al. (1998) is used in this study (also see Lu et al., 2003) . In this approach, the 48 degree-offreedom (DOF) in-plane system is reduced to 15 DOF, where the first 30 modes are retained (Aly, et al. 2008c) . Note that a condition for this approach was that the response in terms of displacements and accelerations of the 15 DOF and 48 DOF are very much the same (see section 4). This model is referred to as Reduced Order System (ROS). The addition of the TMD increases the DOF to 16. The system with the TMD is referred to as ROS-TMD. In a similar task, ROS-ATMD refers to ROS utilizing ATMD. 3, 6, 9, 12, 16, 19, 22, 26, 29, 32, 35, 38, 41, 44 and 48 in addition to the displacement of the inertial mass of the damper. A is a (32×32) system matrix, B is a 32 location vector, and E is a 32 excitation vector. In this reduced system, the wind loads acting on each of the 15 floors are computed from the wind loads F acting on each of the 48 floors by lumping wind forces on adjacent floors at the locations that correspond to the 15 DOF model. The controlled output vector, y c , and the measured output, y m , of the ROS described by Eq. (10) can be expressed as 
where z r is a 6-dimensional state vector of the reduced order system; y cr is a controlled output vector identical of y c defined by Eq. (11); y mr is the measured output vector; ν r is the measurement noise and C cr , D cr , F cr , C mr , D mr and F mr are appropriate matrices.
Controllers and limitations
In this study, both TMDs and ATMDs are used for the reduction of the lateral responses of the building. However, in order to make the design of such control systems more realistic and applicable, the following restrictions and assumption were applied:
• The mass of the TMD in the x-direction is 100 ton, while the mass of the TMD in the ydirection is 150 ton. Such restrictions are applied to avoid excessive weight on the roof (the overall mass on the roof is about 0.625% of the overall building's mass).
•
The TMDs are tuned to the first vibrational mode in each corresponding lateral direction. The damping factor is taken to be 20% of the critical. This amount of damping is selected higher than the optimal value for the sake of restricting the stroke of the ATMDs.
The maximum stroke of the actuators is restricted to 1.5 m.
The maximum control force of the actuator in the y-direction is restricted to 100 kN, and that in the x-direction is restricted to 25 kN.
The computational delay and the sampling rate of the digital controller are 0.001 s.
• Three acceleration measurements are available for each lateral direction.
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Note that the tower required a TMD with heavier mass and ATMD with higher control force in one lateral direction than the other, which was basically attributed to geometry. A Linear-quadratic regulator (LQR) design with output weighting is selected to give the desired control force using the MATLAB function (lqry.m). The state-feedback law f = -Gz r minimizes the cost function
where G is the feedback gain matrix, z r is a 6-dimensional state vector of the reduced order system, y mr is the measured output vector, the symbol (') denotes transpose, Q and R are weighting matrices. Parametric studies were performed with various weighting matrices Q, corresponding to various regulated output vectors. The results of these parametric studies indicated that an effective controller could be designed by selecting a vector of regulated responses to include the velocities of each floor. For comparison reasons, fuzzy logic controllers are used in this study to command the actuators of the ATMDs (see Nguyen et al. 2003) . From a design point of view, fuzzy logic controllers do not require the complexity of a traditional control system. The measured accelerations can be used directly as input to the fuzzy controller. The main advantages of using a fuzzy control algorithm are summarized in Battaini, et al. (1998) and Samali, et al. (2004) . According to Samali, et al. (2004) , uncertainties of input data are treated in a much easier way by fuzzy control theory than by classical control theory. Since fuzzy controllers are based on linguistic synthesis, they possess inherent robustness. Fuzzy controllers can be easily implemented in a fuzzy chip with immediate reaction time and autonomous power supply. Furthermore, the design of fuzzy controller does not require state reduction or concerning about observers. Only two acceleration measurements were used (floor 30 and roof). The input variables to the fuzzy controller were selected as accelerations of floors 30 and 48, and the output as the control force. The membership functions for the inputs were defined and selected as seven triangles with overlaps as shown in Fig. 7 . For the output, they were defined and selected as nine triangles with overlaps as shown in Fig. 8 . The fuzzy variables used to define the fuzzy space are ZR (zero), PVS (positive very small), PS (positive small), PM (positive medium), PL (positive large), PVL (positive very large), NVS (negative very small), NS (negative small), NM (negative medium), NL (negative large), and NVL (negative very large). The rule-base for computing the desired current is presented in Table  2 (Samali, et al. 2004 Table 2 . Control Rule Base (Samali, et al. 2004) www.intechopen.com Table 3 gives the response of the top corner of the building in the y-direction for an incident angle of 0° under different consideration of mode shapes. It is shown that the displacement response of this building is dominated by the first lateral mode in the y-direction (modes 1:2 in the table). Nevertheless, this underestimates the displacement response by 3 % to 4.4 % and the acceleration response by about 12 % to 17 %. Note that the aspect ratio of this building in the ydirection is about 11. This means that for very slender buildings, solo consideration of the first lateral mode may lead to significant error in the estimation of the response, especially for the acceleration response. Table 4 lists the response of the top corner of the tower in the x-direction for an incident angle of 90° under different consideration of mode shapes. It is shown that the displacement and acceleration response are dominated by the first lateral mode in the xdirection (modes 1 in the table). Note that the aspect ratio of this building in the x-direction is about 3.6. This means that for buildings with low aspect ratio, solo consideration of the first lateral mode may be sufficient for the estimation of the response. Fig. 9 shows the power spectra of the acceleration response of the top corner of the building in the two lateral directions. The figure shows that the third mode (torsion) contributes significantly to the acceleration in the ydirection. In general, results given by Table 3, Table 4 , and Fig. 9 show that the responses of tall buildings under winds are dominated by the first few modes (for this specific building, the first two lateral modes and the first torsional mode can be sufficient). gives displacement and acceleration responses of a point at the top corner of the building for the FEM, the 3D full order system (3D-FOS), and the 3D reduced order system (3D-ROS). The figure shows that the response in terms of displacements and accelerations for the three types of modeling are very much the same. This means that FE modeling, 3D lumped mass modeling, and 3D reduced order modeling of tall buildings under wind loads can give an accurate assessment of the response provided that the first dominant modes are retained. The figure shows also that the cross-wind response is higher than the along-wind response. This reveals the importance of the procedure proposed in this study as many design codes and formula may provide accurate estimate of the along-wind response but less guidance for the estimation of the critical cross-wind and torsional response. The results show that the building is very much vulnerable to wind loads. This may be due to its low weight along with low dominant frequencies. The building required a TMD with heavier mass and ATMD with higher control force in one lateral direction than the other. This may be attributed to geometry. Figures 11 and 12 give controlled and uncontrolled rms-displacements and maxdisplacements of the top corner of the tower in both the x and y directions. It is shown that TMDs have a great effect on the reduction of the displacement response of the building.
Results and discussion
Reductions achieved by TMDs in the displacements responses range from 22-30 % over the worst uncontrolled response. Generally, TMDs are able to give good reduction in the rmsdisplacements in both the x and y directions for all wind incident angles. Reductions achieved by ATMDs in the displacement responses range from 29-43 % over the worst uncontrolled response. ATMDs with fuzzy logic controllers are able to enhance the reduction in the displacement responses over LQR most of the time (by about 1% to 5%). They also have a general similar trend over all of the wind attack angles. Figures 13 and 14 give controlled and uncontrolled rms-accelerations and maximum accelerations of the top corner of the tower in both the x and y directions. It is shown that the TMDs have a significant effect on the reduction of the acceleration response of the building. Reductions achieved by TMDs in the acceleration responses range from 16-30 % over the worst uncontrolled response. Generally, TMDs are able to give good reduction in the rms-displacements in both the x and y directions for all of the wind incident angles. However, the performance is limited in reducing the along-wind maximum acceleration of the tower in the y-direction under Config. # 2, when the wind attack angle is 90 o . This may be due to the interference effects of two high-rise buildings in the oncoming wind (see Fig. 4 ). Results also show that ATMDs are able to enhance the reduction in the responses. Reductions achieved by ATMDs in the acceleration responses range from 21-43 % over the worst uncontrolled response. ATMDs with fuzzy logic controllers are able to enhance the reduction in the acceleration responses like LQR, and in general, they have a similar trend over all of the wind incident angles. As a general comment on Figures 11-14 , one can see that the performance of the controllers is much better in the x-direction. In addition, the capability of the controllers to reduce the responses (especially maximum accelerations at angles 0 o and 180 o ) in the y-direction is limited. This may be due to the effect of vortex shedding on the across-wind responses. Moreover, the structure is slender in x-direction (see Fig. 2 ). The structure is also stiffer in the y-direction (see Table 1 for natural frequencies). However, the procedure presented in this study permits the response of tall buildings to be assessed and controlled in the preliminary design stages which can help decision makers, involved in the design process, to choose among innovative design solutions like structural control, considering several damping techniques, modifying geometry, or even changing materials (e.g., from steel to concrete).
Conclusions
This chapter presents practical procedure for the response prediction and reduction in highrise buildings under wind loads. To show the applicability of the procedure, aerodynamic loads acting on a quasi-rectangular high-rise building based on an experimental approach (surface pressure measurement) are used with a mathematical model of the structure for the response prediction and reduction. The building represents a case study of an engineered design of a very slender tower that is instructive. The conclusions can be summarized as follows: 1. The methodology based on HFPI and FEM proposed for the estimation of the response of high-rise buildings under wind loads has the advantage of combining lateral along-wind, lateral cross-wind, and torsional responses altogether. The technique allows for the consideration of any number of modes. 2. Results show that the responses of tall buildings under winds are dominated by the first few modes. Consequently, FEM, 3D lumped mass modeling, and reduced order 3D modeling of tall buildings under wind loads give an accurate assessment of the response provided that the first dominant modes are retained. 3. Results show that the response of tall buildings in the cross-wind direction (lateral response combined simultaneously with torsion) can be higher than the response in the along-wind direction. This reveals the importance of the procedure proposed in this study as many design codes and formula may provide accurate estimate of the alongwind response but less guidance for the estimation of the critical cross-wind and torsional response. 4. The building represents an engineered steel design of a structure that is very much vulnerable to wind loads. This may be due to its low weight as well as high flexibility related to the low dominant frequencies and the high aspect ratio. 5. The building demands TMD with heavier mass and ATMD with higher control force in one lateral direction than the other. This may be attributed to geometry. 6. For the purpose of the use of active control, LQR and fuzzy logic controllers are shown to be effective in enhancing the response reduction over the TMD. ATMDs with fuzzy logic controllers show similar trend like LQR controllers under multidirectional wind loads. In addition, from a design point of view, fuzzy logic controllers do not require the complexity of traditional control systems. 7. The procedure presented in this chapter permits the response of tall buildings to be assessed and controlled in the preliminary design stages. This can help decision makers, involved in the design process, to choose among innovative design solutions like structural control, considering several damping techniques, modifying geometry, or even changing materials.
